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Chromatin Acetylation, Memory, and LTP Are Impaired
in CBP/ Mice: A Model for the Cognitive Deficit
in Rubinstein-Taybi Syndrome and Its Amelioration
ing specific lysine residues in histones of nucleosomes,
thereby disrupting repressive chromatin structure (Chan
and La Thangue, 2001). Loss of function of CBP may
therefore interfere with the transcriptional activation of
target genes in two ways: by preventing recruitment to
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interaction with CBP and links several kinase pathways,Japan
driven by neuronal activity, to transcriptional activation
of specific promoters. Recent findings indicate that the
transactivation potential of CREB might be directly mod-Summary
ulated through acetylation of specific lysine residues by
CBP (Lu et al., 2003). Other transcription factors knownWe studied a mouse model of the haploinsufficiency
to be activated during activity-dependent neuronal geneform of Rubinstein-Taybi syndrome (RTS), an inherit-
expression, such as c-Fos (Janknecht and Nordheim,able disorder caused by mutations in the gene encod-
1996), c-Jun (Bannister et al., 1995), or NF- (Gerritsening the CREB binding protein (CBP) and characterized
et al., 1997; Perkins et al., 1997), also interact with CBP,by mental retardation and skeletal abnormalities. In
although their specific roles in synaptic plasticity andthese mice, chromatin acetylation, some forms of
memory are more poorly understood (Herdegen andlong-term memory, and the late phase of hippocampal
Leah, 1998). In addition, CBP is itself regulated by activ-long-term potentiation (L-LTP) were impaired. We
ity-dependent phosphorylation (Hu et al., 1999; Impeyameliorated the L-LTP deficit in two ways: (1) by en-
et al., 2002).hancing the expression of CREB-dependent genes,
Despite the fact that CBP is the common target inand (2) by inhibiting histone deacetyltransferase activ-
patients with RTS, there is a wide variation in the severityity (HDAC), the molecular counterpart of the histone
of mental retardation and other clinical features. Theacetylation function of CBP. Inhibition of HDAC also
intelligence level of affected individuals is usually low,reversed the memory defect observed in fear condi-
with an average IQ of 51, but some patients have muchtioning. These findings suggest that some of the cogni-
higher scores. These differences could be due to thetive and physiological deficits observed on RTS are
heterogeneity of chromosomal rearrangements in thenot simply due to the reduction of CBP during develop-
cbp gene observed in RTS patients and to the existencement but may also result from the continued require-
of two different mechanisms for transcriptional dysfunc-ment throughout life for both the CREB co-activation
tion: (1) haploinsufficiency and (2) dominant-negativeand the histone acetylation function of CBP.
action of truncated CBP protein (Coupry et al., 2002;
Petrij et al., 1995, 2000). Mouse models correspondingIntroduction
to each one of these molecular mechanisms have now
been generated (Oike et al., 1999a; Tanaka et al., 1997),
Mutations in the gene encoding for the cAMP-responsive and their comparison is likely to be useful not only for
element binding protein (CREB) binding protein (CBP) re- elucidating the etiology of this syndrome but also its
sult in Rubinstein-Taybi syndrome (RTS), a rare condi- varied expression.
tion that occurs in 1/125,000 births and is characterized The first mouse model for RTS, a conventional knock-
by mental retardation and skeletal abnormalities (Petrij out of the cbp gene, was generated by Tanaka and
et al., 1995). Although CBP was originally identified as colleagues. Mice homozygous for this mutation die early
a co-activator of CREB (Chrivia et al., 1993), it was later during development (Tanaka et al., 1997, 2000) and het-
found to be required as a cofactor for many transcription erozygous mutants exhibit phenotypes resembling
factors (Chan and La Thangue, 2001). CBP also plays a some of the clinical features of RTS, such as growth
double role in transcription activation: (1) it acts as a retardation and various skeletal abnormalities. A second
scaffold protein interacting directly with diverse transcrip- model for RTS, an insertional mutation into the cbp gene
tion factors and with components of the RNA polymerase leading to the expression of a truncated CBP protein,
II (Pol II) complex, thereby recruiting this complex to the was generated later by Oike and colleagues (Oike et
promoter, and (2) it acts as a histone acetyltransferase al., 1999a). Embryos homozygous for this mutation also
that contributes to transcription activation by acetylat- died early in utero, while heterozygous mice showed
more severe clinical features of RTS than those in the
null allele RTS model, indicating a possible dominant-*Correspondence: erk5@columbia.edu
4These authors contributed equally to this work. negative effect in the etiology of the syndrome (Oike et
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al., 1999a, 1999b; Yamauchi et al., 2002). This interpreta- heads (Figure 1A, left), these animals do not show any
obvious abnormalities in brain anatomy. Nissl stainingtion is supported by the finding that truncated CBP pro-
and immunohistochemistry of brain sections using atein interferes with transcriptional activation mediated
variety of neuronal markers (NeuN, calbinding, PSD95,by full-length CBP (Parker et al., 1996). However, this
synaptophysin) did not reveal any difference betweendominant mutation is found only in a low percentage of
cbp/ heterozygous and wild-type controls (Figure 1ARTS individuals (about 10%; Perkins et al., 1997; Petrij et
and data not shown). However, the comparison of hippo-al., 2000); therefore, the null allele heterozygous mutant
campal extracts by Western blotting using CBP-specificmice (cbp/) appear to be a more realistic model for
antibodies revealed that cbp/ mutants expressed halfthe major form of RTS.
the wild-type level of CBP (Figures 1B and 1C, p Earlier behavioral studies on mouse models for RTS
0.009).have focused on the dominant-negative action of the
truncated CBP protein. Using step-through passive
cbp/ Heterozygous Mice Show Normalavoidance and fear conditioning tasks, Oike et al. first
Levels of Activity, Motivation, Anxiety,found that mice expressing a truncated CBP were defi-
and Working Memorycient in long-term memory (LTM) but not in short-term
Behavioral studies on mice carrying a truncated formmemory (STM) (Oike et al., 1999a). More recently, Bourt-
of CBP have revealed defects in long-term memory aschouladze et al. confirmed this deficit in long-term mem-
tested in passive avoidance tasks (Oike et al., 1999a)ory using an object recognition task (Bourtchouladze et
and more recently in an object recognition task (Bourt-al., 2003). However, the severe phenotype of truncated
chouladze et al., 2003). Truncated CBP has a dominant-CBP mutants, including cardiac anomalies and hypolo-
negative effect on normal CBP and results in a morecomotion (Oike et al., 1999a, 1999b), may confound the
severe phenotype than is evident in mutants that haveinterpretation of behavioral experiments. Thus, despite
a null CBP allele (Tanaka et al., 2000). This phenotypethe crucial role in memory storage suggested by these
includes reduced locomotive activity (observed in 100%preliminary studies of CBP, no neurological or behav-
of the mice; Oike et al., 1999a), which could well alterioral studies have been carried out in the null allele
the mouse performance in behavioral test of memory.mouse model for RTS. Moreover, there has been no
We therefore investigated the behavioral phenotype ofprevious report of electrophysiological deficits in any of
the mouse model for the most common cases of RTS,the CBP mutants.
the cbp null allele heterozygous mutant (cbp/). WeTo address these issues, we extended the character-
carried out a comprehensive behavioral analysis ofization of CBP mutant mice in four ways. First, we con-
cbp/ heterozygous mice to assess various aspectsfirmed the existence of memory deficits in the null allele
of brain function, including motor abilities, emotionalmouse model for the haploinsufficiency form of RTS,
behavior, learning, and memory.indicating that a haploinsufficiency mechanism is suffi-
We first examined cbp/ mice in an open field, a testcient to explain the deficits in LTM in the most prevalent
for anxiety and basic locomotor behavior. Mutant miceform of the disorder. Second, we described the LTP
showed normal exploratory activity, as assayed by am-phenotype in a mouse model of RTS. We found that
bulatory time and vertical activity (Figures 2A and 2Bthese mice show a specific defect in the late phase of
and results not shown). We also found no differenceslong-term potentiation (L-LTP) that could account for
between mutant mice and their wild-type siblings in thethe deficits in long-term memory. This deficit is quite
time spent in the center of the arena, a common measurespecific; we observed no alteration in E-LTP or in basal
of anxiety (Figure 2C). We next studied these mice insynaptic transmission. Third, we found that bulk histone
the elevated plus maze, a task where mice face a conflictH2B acetylation was reduced in these mutant mice, in-
between their tendency to explore new environmentsdicating that chromatin alteration may underlie these
and their innate aversion to open, brightly lit spaces.
defects. Fourth, our results indicate that the reduced
Both wild-type and mutant mice showed a similar per-
L-LTP observed in cbp/ mice can be significantly alle-
centage of open arm entries in the elevated plus maze
viated by genetic or pharmacological compensation for and both spent a similar amount of time in the open arm
CBP dysfunction, suggesting that these deficits may be (Figure 2D and result not shown). In agreement with
due to a continuous requirement for CBP throughout life our observations in the open field, these parameters
and not the consequence of altered brain development indicated normal levels of anxiety and motivation in
leading to permanent anatomical abnormalities. Finally, these mutant mice. We also found no differences be-
we describe an enhancement of LTP by an inhibitor of tween the two genotypes in prepulse inhibition, a test
histone deacetylases, a finding that supports a role for of sensorimotor gating processes (Figure 2E). We did
chromatin remodeling in long-term synaptic plasticity find, however, a significant deficit in the performance
of the mammalian brain. of cbp/ mice in an accelerated paradigm for the ro-
tarod task (Figure 2F), a test of motor learning. The
deficit in this task may be the result of abnormal motor
Results learning or a direct consequence of the abnormal skele-
tal patterning and joints of these mice (Tanaka et al.,
Hippocampal Neurons of cbp Heterozygous Mice 1997). Humans with RTS, notably, also experience diffi-
Have a Reduced Level of CBP culty executing locomotor skill (Gotts and Liemohn,
In spite of mild skeletal abnormalities in the skull of 1977).
cbp/ mutant mice (Tanaka et al., 1997) such as en- Finally, we assayed the performance of cbp/ mice
in a spatial working memory task in the radial maze.larged fontanels that slightly change the shape of their
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Figure 1. Normal Neuroanatomy and Re-
duced CBP Level in cbp/ Mice
(A) From left to right: picture of the head of
a cbp/ mouse (bottom) and a wild-type
littermate (top), Nissl staining of their hippo-
campus, and immunostaining with -synap-
tophysin (sagittal sections).
(B) Western blot of hippocampal protein ex-
tracts from cbp heterozygous (CBP/) and
control (wt) mice using anti-CBP and anti-
CREB antibodies. We observed reduced level
of CBP but same level of CREB protein in
extracts from mutant mice. CBP/2: dou-
ble amount of extract from a heterozygous
mouse. Protein extract of HEK296 cells over-
expressing CBP protein was used as positive
control: Rc, cells transfected with pRcRSV
empty vector (Invitrogen); CBP, cells trans-
fected with pRcRSV.CBP plasmid encoding
mouse CBP.
(C) Quantification of Western blot of hippo-
campal protein extracts from three different
CBP/ (CBP) mice and three control (wt)
mice using anti-CBP antibody (p  0.009).
Working memory is a form of transient, short-term mem- nition, a nonaversive memory task that relies on the
natural exploratory behavior of mice. In this task, miceory, and therefore, it is thought to be independent of
transcription and new gene expression. Mutant mice were exposed to two identical objects for 15 min during
the training session. We tested their memory for theseand their littermates had a similar learning curve in the
radial maze task (Figure 2G and result not shown) and objects at a later time by presenting the mice with two
objects, one of them previously used during training andcommitted a similar number and kind of errors during
the task (p  0.8). the other a novel item. Wild-type mice remember the
familiar object and consequently spend more time ex-
ploring the novel object. We then tested cbp/ mutantscbp/ Mice Have Reduced Long-Term Memory
for Fear and Object Recognition, but Normal and control littermates for memory retention and found
that cbp/ mutants remembered the familiar objectLearning in Spatial Navigation
Does the reduced expression of CBP in the hippocam- after 3 hr (Figure 3B, top) but not after 24 hr (Figure 3B,
bottom), indicating that they have normal short-termpus of cbp/ mice correlate with deficits in forms of
long-term memory that involve the activation of CREB? memory but impaired long-term memory.
Finally, we examined the performance of cbp/ miceTo address this question, we tested these mice in sev-
eral memory tasks. First, we assessed cbp/ mice in in spatial navigation using the Morris water maze
(MWM). We found no significant differences in the visiblea fear conditioning task that measures the capability of
the mouse to form an association between an aversive platform task (Figure 3C), although mutant mice showed
a trend to swim slower (Figure 3E). When we assessedstimulus and neutral environmental cues. We examined
the same mice in two forms of fear conditioning: contex- spatial learning using the hidden platform version of the
water maze, we found no difference in latency and pathtual and cued. During contextual fear conditioning, the
animals learn to associate a specific environmental con- length between mutant and wild-type littermates, al-
though the mutants showed a tendency for slower swim-text (conditioned stimulus or CS) with an electric foot
shock (unconditioned stimulus or US) that they received ming during the last days of training (Figures 3C and
3E). This last finding is in agreement with the locomotivethere. This memory depends on both hippocampal and
amygdalar function and is evaluated by the percentage deficit observed in the rotarod task.
To examine spatial learning more rigorously, we per-of time that the animal freezes when re-exposed to the
same context. In cued fear conditioning, the animal formed two probe trials, on days 5 and 10. Again, we
did not find any statistically significant differences inlearns to associate a simple conditioned stimulus (a
tone) with a foot shock. This memory depends on the performance between mutants and wild-type controls
(Figure 3G). We then assessed learning flexibility byamygdala and not the hippocampus. In agreement with
previous findings in mice expressing a truncated CBP transferring the platform to a new position and measur-
ing the capability of the mice to learn the new positionprotein (Oike et al., 1999a), we found that cbp/mutants
froze less than control mice in both contextual and cued (Figures 3D and 3F). We found that cbp/ mice are as
flexible as control littermates in learning the new plat-fear conditioning (Figure 3A).
We also assessed cbp/ mice in novel object recog- form position after few trials (Figure 3G, bottom). The
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is thought to underlie the storage of spatial memories
in the hippocampus (Martin et al., 2000). In LTP, as
in memory storage, there is an early, short-term stage
(E-LTP), which lasts minutes, and a later, long-term
stage (L-LTP), which lasts longer and requires the syn-
thesis of new mRNA and protein (Martin et al., 2000).
While it is thought that E-LTP is a local covalent modifi-
cation in the stimulated synapses, L-LTP requires the
participation of the cell nucleus, activation of specific
pattern of gene expression, and perhaps chromatin re-
modeling, since this has now been described for long-
term facilitation in Aplysia (Guan et al., 2002).
Do the memory deficits observed in cbp/ mice cor-
relate with defects in synaptic plasticity? To address
this question, we explored the electrophysiological phe-
notype of these mice in the Schaffer collateral pathway
by recording extracellular field potentials. We found no
significant difference in stimulus-response curves and in
paired-pulse facilitation (PPF) between cbp/ mutants
and wild-type mice (Figures 4A and 4B), indicating that
basal transmission is not affected by the mutation.
Although the reduction of CBP appears not to affect
basal synaptic transmission, it might affect long-lasting
forms of synaptic plasticity that depend on transcrip-
tional activation. To test this idea, we first investigated
LTP induction by a standard 100 Hz tetanus train of 1 s
Figure 2. Open Field Behavior, Anxiety, Sensorimotor Gating, and duration. A single 100 Hz train produced a nonsaturat-
Motor Coordination in cbp/ Mice ing, transcription-independent form of LTP lasting about
(A–C) cbp/ mice behave as control littermates in an open field 90 min (E-LTP) in wild-type mice and had similar effects,
(wild-type, n  13; cbp/, n  14). Ambulatory distance during a both in amplitude and duration, in cbp/ mutants (Fig-
30 min period (A, p  0.73), vertical counts (B, p  0.82), and ure 4C; 20–30 min: wt, 163%  6%; cbp/, 164% 
percentage of time spent in the center of the arena (C, p  0.87)
8%, p 0.8). Conversely, when we used repeated stimu-were similar for both genotypes, as well as stereotypic time, resting
lation consisting of four 100 Hz trains spaced 5 mintime, vertical time, and other parameters not shown.
(D) cbp/ mice also showed normal anxiety as measured in the apart, which is known to induce, in wild-type mice, a
elevated plus maze (wt, n  14; cbp/, n  12; p  0.48). form of LTP lasting several hours (L-LTP) and requiring
(E) No difference was observed between genotypes for prepulse protein and RNA synthesis, cbp/ mice showed a se-
inhibition (wt, n  14; cbp/, n  12; p  0.97). vere deficit in the late phase of L-LTP (Figure 4D; 20–30
(F) Poor rotarod performance of cbp/ mice (wt, n  22; cbp/,
min: wt, 205%  12%; cbp/, 194%  6%, p  0.15;n  19; p 	 0.0001).
120–150 min: 183%  5.2% versus 134%  7%, p (G) cbp/ mice and control littermates committed a similar number
and kind of errors in a working memory task in the radial maze (wt, 0.0006). To test whether this deficit can be overcome
n  10; cbp/, n  10; p  0.8) (see Experimental Procedures by further stimulation, we used a protocol consistent in
for details). the repetition of four 100 Hz trains stimulation spaced
30 min apart. This protocol did not further increase LTP
in wild-type mice but significantly enhanced the LTPabsence of a memory phenotype in the Morris water
observed in mutant mice (Figure 4E; 150–180 min:maze in spite of the LTM deficits in contextual condition-
cbp/4trains, 128% 6%; cbp/24trains, 159%  4%, p ing and object recognition tasks may be the conse-
0.002), suggesting that these mice can develop somequence of the different requirements and structures
forms of L-LTP after repeated stimulation.underlying this form of learning; thus, it is possible that
We next examined long-term depression (LTD) in therepeated training can overcome the memory deficits
Schaffer collateral pathway, a different form of synapticobserved in tasks dependent on a one-time experience,
plasticity. We found that stimulation with one 1 Hz trainsuch as object recognition or fear conditioning.
of 15 min duration evoked LTD with similar amplitudeThus, our behavioral analysis of cbp/ mutants con-
in cbp/ mice and wild-type littermates (Figure 4F).firmed the cognitive deficits associated to this condition
Therefore, the reduced level of CBP produces a specificand illustrated the utility of these mice in modeling RTS
deficit in the late phase of long-lasting forms of LTP.symptoms. Our results in fear conditioning and object
Our results in the physiology of hippocampal slices cor-recognition tasks are similar to those reported for the
related with those on behavior: normal generation oftruncated CBP model, which suggests that a haploinsuf-
E-LTP and short-term memories and impaired formationficiency mechanism by itself is sufficient to lead to such
of L-LTP and some forms of long-term memory.cognitive deficits.
cbp/ Mutants Show Normal E-LTP The Deficit in L-LTP Can Be Ameliorated by
Enhancing CREB-Dependent Gene Expressionbut Deficient L-LTP
Long-term potentiation (LTP) in the Schaffer collateral Are these deficits due to an inefficient induction of gene
expression by neuronal activity? To address this ques-pathway is an important form of synaptic plasticity that
Memory and LTP Deficits in CBP Mutant Mice
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Figure 3. cbp/ Mice Show Reduced Object
Recognition and Fear Memories and Normal
Spatial Memory in the MWM
(A) Reduced freezing in contextual and cued
conditioning 24 hr after training (n  13 for
both genotypes). Both genotypes showed
similar immediate freezing after the shock
(p 0.42), but wild-type mice froze more than
mutants when re-exposed to the same con-
text (p  0.0006). In the case of cued condi-
tioning, we observed a clear trend to reduced
freezing in cbp/ mice (p  0.091).
(B) Normal short-term memory for object rec-
ognition 3 hr after training (top: wt, n  8;
cbp/, n 8; p 0.89). cbp/ mice showed
impaired long-term memory for object recog-
nition when tested 24 hr after training (bot-
tom: wt, n  12; cbp/, n  12; p 	 0.0001).
(C–G) A four-trial per day protocol was used
in this experiment. No significant differences
between genotypes were observed during
training in both the visible platform and the
hidden platform tasks (C); moreover, cbp/
mice were also able to learn a new position
of the platform during the transfer experiment
as well as wild-type mice (D) (n  13 for both
genotypes). However, cbp/ mice showed a
significantly slower swimming speed during
both tasks (E and F), probably due to a re-
duced motor coordination, as observed in the
rotarod. Spatial memory was assessed in
three probe trials (G), and no significant differ-
ence was observed. Values represent number
of crossings.
tion, we first investigated gene induction by kainate, CREB/cbp/ double mutants (Figure 5B). We then ana-
lyzed the L-LTP phenotype in hipppocampal slices froman analog of L-glutamate that causes depolarization of
neurons, severe seizures, and the induction of immedi- double mutants and found that the deficit observed in
cbp/ mice was in part ameliorated by VP16-CREBate early genes (IEG). We did not find significant differ-
ences in the basal level (Figure 5B, first two columns) expression (Figures 5C and 5D). In agreement with this
result, Bourtchouladze et al. recently reported that theor kainate-induced expression (Figure 5A and results
not shown) of some well-characterized IEGs, such as deficit in object recognition observed in truncated-CBP
mutant mice was ameliorated by inhibitors of phospho-brain-derived neurotrophic factor (BDNF), Arc, c-fos,
and Egr1 (Patterson et al., 1992; Sheng et al., 1990). diesterase 4 (PDE4), which also enhance CREB-depen-
dent gene expression (Barad et al., 1998; Bourtchou-Since the promoters of some of these IEGs contain CRE
sites, this result suggests that the CREB-activation ladze et al., 2003). To address whether these drugs had
a similar effect in the LTP deficit of cbp/ mice, wepathway is still largely functional in cbp/ mice, at least
when a very strong stimulus is used for its induction. investigated the effects of preincubation of hippocam-
pal slices from mutant mice with rolipram, a PDE4 inhibi-Next, we investigated whether the L-LTP deficit ob-
served in cbp/ mice is the result of a failure to specifi- tor known to facilitate the establishment of LTP in wild-
type mice (Barad et al., 1998). We found, similar to whatcally activate CREB-dependent gene expression. We
have recently found that regulated expression of a con- was observed in the case of VP16-CREB/cbp/ double
mutants (Figure 5D), that the deficit in the late phase ofstitutively active form of CREB, called VP16-CREB, in
hippocampal neurons stimulated the transcription of LTP was ameliorated but not completely rescued by
rolipram (Figure 5E; 150–180 min: cbp/veh, 126% several downstream genes and lowered the threshold
for eliciting a persistent late phase of LTP (Barco et al., 8%; cbp/rolipram, 160%  9%, p  0.006).
These results suggest that the L-LTP deficit found in2002). Since the VP16 domain can directly engage the
transcription machinery, this activation is likely indepen- cbp/ mutants, in part, represents an inefficient activa-
tion of CREB-dependent genes. However, the fact thatdent of CBP recruitment to a promoter. We crossed
VP16-CREB and cbp/ mice and found that the en- the rescue is not complete also implies the contribution
of other factors. Although we can not eliminate the pos-hanced expression of CREB downstream genes ob-
served in VP16-CREB mice, such as BDNF, dynorphin, sibility that a developmental defect prevents the full
expression of L-LTP, an attractive alternative explana-or c-fos (Barco et al., 2002), also takes place in the VP16-
Neuron
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ing or is affected differently than the chromatin sur-
rounding native genes (Michael et al., 2000; Smith et al.,
1997), this result does not rule out a possible deficit in
histone acetylation.
Reduced Acetylation of H2B in cbp/ Mice
Nucleosomes are composed of an octameric core con-
sisting of two molecules each of histones H2A, H2B,
H3, and H4 wrapped around DNA. The N-terminal un-
structured tails of these proteins are the target of histone
deacetylases (HDACs) and histone acetyltransferases
(HATs), such as CBP, that work in concert to modify
chromatin and regulate transcription. Recent findings
indicate that CBP acetylates histones in vivo in a con-
centration-dependent manner affecting large regions of
the genome (McManus and Hendzel, 2003). Can the
deficits observed in cbp/mice arise as a consequence
of altered chromatin structure due to the reduced activ-
ity of CBP? Are the steady-state acetylation levels for the
different histones selectively affected in these mutants?
To address these questions, we stained brain sections
of wild-type and cbp/ mice with specific anti-acetyl-
histone antibodies and we found that acetylation of his-
tone H2B was reduced in mutant mice (Figure 6A). Fo-
cusing on the CA1 region of the hippocampus, we found
weak immunoreactivity in the nuclei of all pyramidal
neurons in both wild-type and cbp/ mice. Whereas
control mice had a large number of scattered cells show-
ing intense AcH2B staining in the cellular layer, mutantFigure 4. Basal Synaptic Transmission and E-LTP Are Normal in
mice had fewer cells that stained intensely. We con-cbp/ Mice, but L-LTP Is Impaired
firmed this result by Western blot analysis of hippocam-(A) Input-output curve of fEPSP slope (mV/ms) versus stimulus (V)
at the Schaffer collateral pathway of hippocampal slices from het- pal extracts and found that cbp/ showed an overall
erozygous and control littermates (n  12 for both genotypes, p  reduction of more than 30% in AcH2B levels (Figures
0.4). Insets show fEPSP responses using increasing stimulation. 6B and 6C). On the other hand, we did not observe
(B) Comparison of PPF in mutant and wild-type mice. Data are
significant changes in the level of acetylation of H2A,presented as the mean  SEM of the facilitation of the second
H3, and H4, at least, when antibodies that recognize allresponse relative to the first response (n  10 for both genotypes,
forms of these acetyl-histones were used (Figure 6). Fur-p  0.7).
(C) A single 100 Hz train (1 s) evoked E-LTP in wild-type and mutant ther characterization using a panel of antibodies against
animals (n  6 for both genotypes, p  0.8). specific acetyl-lysine residues might reveal more alter-
(D) Four 100 Hz trains stimulation leads to L-LTP in control but not ations in histone acetylation.
in cbp heterozygous mice (n  8 for both genotypes, p  0.0006).
(E) Two blocks of 4  100 Hz trains stimulation induced a long-
The Enhancement of L-LTP and Reversionlasting form of LTP in both control and mutant mice (n  5 for
both genotypes). of Memory Deficit by Inhibition of Histone
(F) A single 1 Hz train (15 min) evoked LTD in wild-type and mutant Deacetylase Activity Suggests a Role
animals (n  6 for both genotypes, p  0.11). for Chromatin Acetylation in Long-Term
Plasticity and Memory Storage
Various HDAC inhibitors, such as suberoylanilide hy-
droxamic acid (SAHA), are currently being tested fortion comes from the consideration that CBP has a dual
role in transcriptional regulation: CBP directly recruits their ability to ameliorate the transcriptional deficits in
Huntington’s disease and in different forms of cancerthe Pol II complex to the promoter and it also remodels
chromatin by histone acetylation. Thus, VP16-CREB (Ferrante et al., 2003; Hockly et al., 2003; Kouraklis and
Theocharis, 2002). We therefore asked whether HDACmay be bypassing CBP function as scaffold for the tran-
scriptional activation of CRE-dependent gene expres- inhibition might compensate for the transcriptional defi-
cits underlying the L-LTP defect observed in cbp/sion but not its epigenetic role on histone acetylation.
Indeed, we did not observe any significant difference in mice. We found that pretreatment of hippocampal slices
with SAHA did not affect the stimulus-response curvethe induction of a CRE-reporter construct by forskolin
in transiently transfected primary neuronal cultures from (Figure 7A), paired-pulse facilitation (Figure 7B), or the
extent of depolarization of the rapid synaptic responsecbp/ control mice (Figure 5F), suggesting that the
amount of CBP present in the neurons of cbp/ mice elicited during tetanic stimulation (Supplemental Figure
S1B at http://www.neuron.org/cgi/content/full/42/6/may be sufficient to directly co-activate CRE-driven
gene expression. Since transiently transfected DNA is 947/DC1), suggesting that it does not alter basal synap-
tic transmission. However, SAHA increased the L-LTPnot arranged in regular chromatin arrays and it is either
not affected by treatments that alter chromatin remodel- induced by 4  100 Hz stimulation in both wild-type
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Figure 5. CREB-Dependent Gene Expression
in cbp/ Mice
(A) In situ hybridizations using oligo probes
specific for the indicated genes on brain sa-
gittal sections from a cbp/ mouse (CBP)
and a wild-type littermate (wt) injected with
kainic acid 3 hr before sacrificing. Arc pro-
moter does not contain any CRE site, but the
promoter of c-fos, BDNF, and Erg1 (results
not shown) contain one or more CREs.
(B) Oligonucleotide in situs showing en-
hanced expression of several CRE-depen-
dent genes (namely, c-fos, BDNF, and dynor-
phin) in double mutants with reduced level of
CBP and expression of constitutively active
CREB (VP16-CREB, indicated as VC in the
figure) in the hippocampus. Wild-type (wt)
and cbp/ mutants (CBP) showed similar
basal level of expression for these genes.
Similar results were obtained with 3 indepen-
dent sets of animals.
(C) Co-expression of VP16-CREB favors the
consolidation of LTP induced by four 100 Hz
trains in double mutants (wt, n  5; cbp/,
n  7; VC/cbp/, n  9).
(D) Columns represent the average amplitude
response at the indicated times stimulation
(asterisk indicates p 	 0.05).
(E) Rolipram (0.1 
M) enhances LTP induced
by four 100 Hz trains in cbp/ mutants.
(F) Cortical neurons from E19 cbp/ and con-
trol embryos were transfected with 1 
g of
pCRE.luc reporter plasmid and treated with
forskolin, and we did not observe significant
differences between the two genotypes. In
all transfections, 0.05 
g of pRL-SV40 was
added for normalization. TTX 1 
M was
added to the culture 16 hr before induction
with forskolin. Cells were harvested 3 hr after
forskolin treatment. Firefly luciferase expres-
sion was normalized to Renilla luciferase ac-
tivity. Similar results were obtained on hippo-
campal primary cultures from E19 mice
(induction fold 3 hr after treatment with 40

M forskolin: wt  4.60  1.26, cbp/ 
4.93  0.92).
(Figure 7C; 150–180 min: vehicle, 179%  8%; SAHA, digm affected in cbp/mutants. We found that injection
of the drug 3 hr before training enhanced H2B acetyla-237% 8%, p	 0.005) and mutant (Figure 7D; 150–180
min: vehicle, 121% 7%; SAHA, 210% 6%, p	 0.005) tion (Figures 8A–8D) and enabled cbp/ mice to score
in both the cued and contextual task similarly to controlmice (see also Supplemental Figure S1). Indeed, the
level and duration of L-LTP observed in slices of cbp mice, reversing the memory deficit observed in contex-
tual fear conditioning (Figure 8E). We also observed aheterozygous mice treated with SAHA were similar to
that observed in wild-type mice in the absence of the recovery in cued fear conditioning, but in this case the
differences were not statistically significant. Our studydrug (Figure 7E), indicating that this compound can ame-
liorate the synaptic plasticity deficit observed in mu- therefore suggests that it might be possible to use the
same HDAC inhibitors that are currently being tested intant mice.
We tested next whether SAHA ameliorates the deficits cancer and Huntington’s disease as therapeutic agents
for the treatment of RTS.found in CBP mutants by restoring the basal acetylation
steady-state or by inverting the HAT/HDAC balance. To
address this question, we analyzed by Western blot the Discussion
acetylation state of H2B in hippocampal slices treated
with SAHA. As previously described (Hockly et al., 2003), cbp/ Mice as a Model for Rubinstein-Taybi
Syndromewe found a strong increase in AcH2B after incubation
with the drug (Figure 7E and Supplemental Figure S1D). The Rubinstein-Taybi Syndrome is a complex genetic
disorder characterized by stunted growth and mentalThis increase was similar for both genotypes and closely
correlated with our findings in L-LTP. retardation, skeletal abnormalities including craniofacial
malformations, and increased risk of neoplasia. Behav-Finally, we tested the effect of intraventricular infusion
of SAHA in fear conditioning, one of the behavioral para- ioral studies of patients suffering from Rubinstein-Taybi
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Figure 6. Reduced H2B Acetylation in cbp/ Mice
(A) Immunostaining of sagittal brain sections using antibodies against the acetylated form of histones H2B, H3, and H4 reveals a decreased
level of AcH2B in hippocampal neurons (CA1 region shown).
(B) Western blot of hippocampal protein extracts from cpb/ (CBP) and control (wt) mice using --actin (Sigma), -H2B (nonacetylated,
Upstate), -AcH2B (Upstate), -AcH2A (Serotec), -AcH3 (Upstate), and -AcH4 (Serotec) antibodies.
(C) Quantification of Western blot results. We found no differences in the level of -actin (6 mice per genotype, p  0.4), total H2B (n  6,
p  0.97), AcH2A (n  4, p  0.82), AcH3 (n  4, p  0.27), or AcH4 (n  4, p  0.26), but a significant difference in the level of AcH2B
(Upstate Antibody; 6 mice per genotype, p  0.001). We also observed a similar reduction in H2B acetylation using an AcH2B antibody
produced by Serotec (wt, 100%  8% and cbp/, 71%  7%, p  0.022).
syndrome have revealed that their intelligence is low pression driven by neuronal activity. However, the spe-
cific molecular mechanisms underlying these deficitsand their attention span short and that they experience
difficulty in planning and executing motor acts (Gotts remain unclear. Based on their finding that PDE4 inhibi-
tors ameliorate these deficits, Bourtchoulatdze and col-and Liemohn, 1977; Hennekam et al., 1992). Although
some of these features cannot be modeled in mice, leagues proposed a role for CREB/CBP interaction in the
etiology of behavioral deficits in mutant mice carrying aothers, such as the cognitive deficits and reduced motor
skills, can be easily assessed. Our results in cbp/ mice truncated form of CBP (Bourtchouladze et al., 2003).
Our results with rolipram and with VP16-CREB/cbp/demonstrate the suitability of this animal model for
gaining new insights in the molecular etiology of the double mutants support a role of CREB-driven gene
expression on the etiology of RTS. However, CBP playssyndrome and for developing new therapeutic ap-
proaches. Future studies using region-specific and in- a dual role in transcription regulation: it not only recruits
the Pol II complex to the promoter, it also remodelsducible knockouts and transgenic mice expressing
dominant-negative forms of CBP should allow one to chromatin by histone acetylation. Its role on chromatin
remodeling may importantly contribute to the phenotypeinvestigate the identity of the brain regions involved in
the different aspects of the behavioral deficit and the of cbp/ mice. The reduction of CBP may lead to an
altered chromatin configuration in one or several lociselective contribution to the disease of developmental
as opposed to the chronic effects of reduction in CBP. important for LTP and for memory storage and may
interfere with the transcriptional response driven by neu-
ronal stimulation.Molecular Etiology of RTS
The two transcriptional functions of CBP have beenOur findings on the haploinsufficiency model of RTS
dissociated before in the context of mutations identifiedand those by Bourtchouladze and colleagues on the
in RTS patients. Thus, mutations in the HAT domain oftruncated CBP model (Bourtchouladze et al., 2003) indi-
CBP completely blocked HAT activity, but only reduced,cate that the cognitive deficits observed in cbp hetero-
to about a 50%, its activity as a CREB coactivator (Kalk-zygous mutants may be a consequence of a reduced
level of CBP available to regulate changes in gene ex- hoven et al., 2003). Our results in cbp/ mutants sug-
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Figure 7. Inhibition of HDAC Enhances L-LTP in Wild-Type Mice
(A) Input-output curve of fEPSP slope (mV/ms) versus stimulus (V)
Figure 8. Increased H2B Acetylation and Fear Memory in cbp/at the Schaffer collateral pathway of hippocampal slices from het-
Miceerozygous and control littermates treated with 10 
M of SAHA or
(A–D) -AcH2B immunostaining of coronal brain sections 3 hr afterwith vehicle alone (wt vehicle, n 5; wt SAHA, n 6; cbp/ vehicle,
intraventricular injection of SAHA (20 
g) revealed a increased leveln  5; cbp/ SAHA, n  6).
of AcH2B. Strikingly, this increase is especially noticeable in CA1(B) Comparison of PPF in mutant and wild-type mice in the presence
pyramidal neurons, although it is also clearly observed in corticalof SAHA. Data are presented as the mean  SEM of the facilitation
neurons (A) (left, cbp/ mouse injected with SAHA; right, cbp/of the second response relative to the first response (n  5 for
mouse injected with vehicle). (B)–(D) show the CA1 region of cbp/both genotypes).
mice injected with vehicle (B) or treated with SAHA either 3 hr (C)(C) SAHA treatment enhances L-LTP induced by four 100 Hz trains
or 20 hr (D) after injection. 20 hr after injection of SAHA, the acetyla-in wild-type mice (left; wt vehicle, n  5; wt SAHA, n  6) and
tion level of H2B was similar to the level observed in untreated an-enables the induction of L-LTP by four 100 Hz trains in cbp/
imals.mutants (right; cbp/ vehicle, n  5; cbp/ SAHA, n  6).
(E) The reduced freezing in contextual conditioning 24 hr after train-(D) Columns represent the average amplitude response at the indi-
ing (CF) observed in cbp/ mice (Figure 3A) was confirmed in micecated times stimulation.
injected with vehicle (wtveh: n 6, CF 42.0%; cbp/veh: n (E) Western blot using -AcH2B antibody of protein extracts from
7, CF  12.2%; p 0.008) and reversed by intraventricular injection400 
m acute hippocampal slices of cbp/ and wild-type mice
of 20 
g of SAHA (cbp/SAHA: n  9, CF  31.0%, p  0.048treated or not with 10 
M of SAHA for 30 min. This experiment was
when compared with cbp/veh; p  0.35 when compared withrepeated three times with similar results.
wtveh). The trends observed in the case of cued fear conditioning
are not statistically significant (wt versus cbp/veh, p  0.113;
cbp/SAHA versus cbp/veh, p  012).gest that a reduction of 50% on CBP does not impair
the expression of a transiently transfected CRE reporter
or the induction of IEGs by kainate and VP16-CREB but netic marking of the chromatin (Hassan et al., 2001).
Such markings may well underlie the long-term tran-strikingly affects the acetylation level of the histone H2B.
A recent study indicates that acetylation of H2B is a scriptional effects in specific loci required for long-term
modification of synaptic function. Although in prelimi-feature of only the most active genes (Myers et al., 2003).
Indeed, Myers et al. found that acetylation of H2B was nary experiments we have not found differences in the
response of any specific endogenous gene in CBP mu-widespread and not limited to the promoter, suggesting
that this acetylation may have a role in the maintenance tants, it is likely that only a subpopulation of genes is
affected by the CBP mutation, specifically those genesof the overall transcriptional competence of the locus
(Myers et al., 2003). In vitro experiments have revealed in which CBP is recruited to the promoter and leaves
an epigenetic mark in the form of changes in the acetyla-that prior acetylation of nucleosome arrays does not
enhance the binding of chromatin remodeling com- tion of specific histone residues. These events likely
depend on both the primary sequence of the promoterplexes but allows the retention of the complex after the
critical transcriptional activator that recruited it has left and its previous history of transcriptional activation. The
analysis of cbp/ mice using both expression andthe promoter, thereby providing a mechanism for epige-
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acetylation (intergenic) microarrays would allow the tive disorders and thereby provide valuable information
about the etiology of these diseases.identification of these target genes.
Recent studies by McManus and Hendzel on CBP and Our experiments with SAHA, a broad HDAC inhibitor,
indicate that therapeutical approaches for the treatmentp300-induced histone acetylation in vivo revealed the
of diseases of epigenetic etiology might be possible. Itunique substrate specificity profiles of these two histone
is encouraging that a family of drugs that is currentlyacetyl-transferases (McManus and Hendzel, 2003). In-
being tested both in the treatment of cancer (Kouraklisterestingly, they found H2B among the top four acet-
and Theocharis, 2002) and neurodegenerative diseasesylated histone species in which the steady state of ace-
(Ferrante et al., 2003; Hockly et al., 2003) may enhancetylation was more significantly altered in response to
L-LTP significantly both in cbp-deficient mutants andoverexpression of both CBP and p300. In the case of
control littermates. Moreover, HDAC inhibitors reversedcbp/ mice, we only found a significant deficit in the
the deficit in fear conditioning of cbp/ mutants. Furthercase of bulk H2B acetylation; however, we cannot rule
studies should reveal if they also improve the perfor-out the existence of additional differences affecting the
mance of wild-type mice. A number of biotech compa-acetylation of specific residues in H2A, H2B, H3, and
nies are working to improve the specificity and to reduceH4. More than 15 lysine residues are targets for acetyla-
the side effects of HDAC inhibitors. If these goals aretion, and we did not investigate the specific effect of
finally accomplished, it would be worthwhile to test theCBP reduction in each one of them. It is also likely
effectiveness of the new drugs in the treatment of Rubin-that the effect in acetylation for some of these residues
stein-Taybi patients. On the other hand, changes in CBPwould be only noticeable in ChIP assays for specific
function have been associated with diverse neurode-target promoters. Detailed immunohistological analyses
generative conditions, including Huntington’s diseaseof cbp/mutants using antibodies against specific ace-
(HD) and familial Alzheimer’s disease (FAD). While HDtyl-Lys residues on the different histones and the exten-
has been associated with a reduction in CBP activitysion of these analyses to other mouse mutants in HAT
(McCampbell et al., 2000; Nucifora et al., 2001), FADand HDAC genes should aid in the analysis of the his-
mutations may cause a gain of transcriptional functiontone code.
(Marambaud et al., 2003). Both conditions lead to neuro-
degeneration, suggesting that caution needs to be exer-Epigenetics and Human Disease
cised in clinical studies involving pharmacological ma-The affinity between DNA and histones in eukaryotic
nipulation of CBP activity.nucleosomes is modulated by phosphorylation, ubiquiti-
In conclusion, cbp/ mice show a severe defect innation, methylation, and acetylation of the amino termini
hippocampal synaptic plasticity paralleling their deficitsof histones. The conformational states of these histone
in some forms of long-term memory. Our data and thosetails determine the transcriptional activity of different
by Bourtchouladze et al. suggest that some deficits ob-chromatin domains and their accessibility to transcrip-
served in cbp mutants can be ameliorated using inhibi-tion factors and other DNA-associated proteins (Huang
tors of enzymes that compensate for a reduction in CBPet al., 2003). Rubinstein-Taybi syndrome is only one of
function as CREB co-activator (such as rolipram). But,several neurological diseases that arise as a conse-
in addition, our data indicate a second deficit in histonequence of disordered chromatin remodeling. Other con-
acetylation. As a result, it is also possible to compensategenital syndromes that cause mental retardation in hu-
for the reduction in CBP by inhibiting histone deacety-
mans share a similar type of defect. Thus, Coffin-Lowry
lases, the enzymes that counteract CBP role in chroma-
syndrome (CLS), X-linked -thalassemia (ETRX), and
tin remodeling. These findings may open the possibility
Rett syndrome (RT) are conditions that are also caused
of dual pharmacological treatment for the neurological
by mutations in genes encoding enzymes that mediate
deficits observed in RTS patients that reestablish normal
chromatin remodeling and affect the acetylation state
CBP function and alleviate some of their symptoms.
of chromatin indirectly. Coffin-Lowry syndrome results
from mutations in the gene encoding RSK2, an enzyme Experimental Procedures
that interacts with CBP and phosphorylates histone H3
Animalsfavoring its acetylation (Merienne et al., 2001; Trivier et
The generation of cbp/ mice was described before (Tanaka et al.,al., 1996). Rett syndrome is caused by mutations of
1997). We observed a progressively reduced transmission of theMECP2, a methyl-CpG binding protein that is thought
mutation when the mice were repeatedly backcrossed with C57BL/
to recruit HDACs to methylated DNA and mediate chro- 6J strain (after four backcrossing, many heterozygous males did
matin deacetylation (Nan et al., 1997). These mutations not transmit and those transmitting exhibited a transmission rate
lower than 50%). We therefore decided to carry out our experimentslikely result in deregulation of the expression of a very
in a genetic background closer to the one used on the originallarge number of genes and yet they lead, surprisingly,
publication with these mice and crossed C57BL/6 mutant malesto a well-defined phenotype. It is therefore likely that
with BALB/c females to generate the F1 hybrids used in our experi-
specific features of these syndromes are the conse- ments. The wild-type mice used as control groups were, in all cases,
quence of dysregulation of perhaps a very few specific littermates of the cbp/mice. Mice were maintained and bred under
target genes. The overlap in the clinical features of these standard conditions, consistent with National Institutes of Health
guidelines and approved by the Institutional Animal Care and Usesyndromes suggests the possibility that these conditions
Committees.may share common molecular mediators. A comparison
of phenotypic features of different mouse models for these
Western Blot, Immunohistochemistry,
syndromes combined with their molecular characteriza- and In Situ Hybridization
tion using expression and acetylation arrays may reveal Nissl staining, hippocampal protein extracts, and Western blot anal-
ysis were carried out as previously described (Mayford et al., 1996).some of the common target genes involved in the cogni-
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Anti-CBP antibody was obtained from Santa Cruz Biotech and the and latency to perform the task were recorded during the testing
phase.different acetyl-histone antibodies were obtained from Upstate and
Serotec. For immunohistochemistry, mice were anesthetized, per- Fear Conditioning
On the training day, the mice were placed in the conditioning cham-fused with 4% paraformaldehyde, and postfixed overnight, and 50

m sections were obtained using a vibratome. Staining with DAB ber for 2 min before the onset of CS, a tone at 2800 Hz, 85 dB,
which lasted for 30 s. The last 2 s of the CS were paired with US,was carried out according to the ABC kit (Vector). In situ hybridiza-
tion was performed as described using [33P]ATP-labeled oligonucle- 0.7 mA of continuous foot shock. After an additional 30 s in the
chamber, mice were returned to their home cage. Conditioning wasotides specific for the different genes analyzed (Wisden and Mor-
ris, 1994). assessed 24 hr later by scoring freezing behavior using a video
tracking system. Testing occurred first in the context in which mice
were trained (contextual fear conditioning) and 3 hr later in a novel
Electrophysiology environment where, after a 1 min habituation period, the tone that
Hippocampi were collected following cervical dislocation of 3- to was presented during training was given during 120 s (cued fear
4-month-old mice of either sex. Transverse hippocampal slices (400 conditioning). To test the effect of SAHA, mice were anesthetized

m) were incubated in an interface chamber at 27C–28C, subfused (0.5 ml of 2.5% avertin per mouse, i.p.), and stereotaxic procedures
with oxygenated artificial cerebrospinal fluid (ACSF, containing 119 were used to implant stainless steel guide cannulae into both lateral
mM NaCl, 2.3 mM KCl, 1.3 mM MgSO4, 2.5 mM CaCl2, 26.2 mM ventricles. The stereotaxic coordinates were 0.2 mm posterior to
NaHCO3, 1 mM NaH2PO4, and 11 mM glucose), and allowed to equili- the Bregma, 1.4 mm lateral to the sagittal line, and 1.9 mm ventral
brate for at least 90 min. When indicated, ACSF was supplemented from the surface of the skull. After a week recovery, the stylus
with SAHA (BioVision, Inc.) or rolipram (Sigma-RBI). For recording was removed and a stainless steel internal cannula, connected to
of fEPSP in the CA1 region of the hippocampus, both the stimulating a Hamilton microsyringe via tubing, was inserted. The tip of the
and recording electrodes were placed in the stratum radiatum of injection cannula protruded 0.5 mm beyond that of the guide. Freely
CA1 area. The stimulation intensity (0.05 ms duration) was adjusted moving mice received intracerebroventricular (i.c.v.) injection of 2
to give fEPSP slopes approximately 40% of the maximum, and 
l (1 
l per ventricle) of 2-hydroxypropyl--cyclodextrin (50% v/v)
baseline responses were elicited once per minute at this intensity. alone (vehicle) or containing 20 
g of SAHA (BioVision Inc.) at the
In all electrophysiological experiments, “n” indicates the number of rate of 1 
l/90 s. Three hours later, we trained the mice for fear
slices, and two-way ANOVA and Student’s t test were used for data conditioning as described above. One of the mice injected with
analysis. In the text, the electrophysiological data were presented SAHA died 24 hr after testing and was not considered in our analysis.
as mean  SD, whereas in the figures the values were presented Object Recognition
as mean  SEM. Experimenter was blind to mice genotype. This task was performed as previously described (Bourtchouladze
et al., 2003): mice were tested at 3 and 24 hr. The discrimination
index was determined as the difference in exploration time ex-
Behavior pressed as a ratio of the total time spent exploring the two objects.
For all behavioral tasks, we used adult male mutant and control Water Maze
littermates. Statistical analyses used ANOVAs and means  SEM The task was performed as previously described (Malleret et al.,
are presented in the figures. The experimenters were blind to the 1999). Four trials, 120 s maximum and 15 min ITI (intertrial interval)
genotype in all studies. were given daily. Probe trials (60 s), during which the platform was
Open Field removed, were performed to assess retention of the previously ac-
Mice were placed in 40 40 cm2 open-field chambers and monitored quired information.
throughout the test session (30 min) by a video-tracking system.
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